A new study in the fruit fly, Drosophila melanogaster, has identified a neural circuitry that connects regions that control sleep with those that encode sleep pressure. These novel cells, termed helicon cells for their unique morphology, are modulated by sleep control centers and integrate sensory information, providing a novel mechanism for gating of sleep.
Sleep is regulated by diverse environmental and physiological processes including sensory stimuli, circadian cues, and metabolic states [1] .
While sleep control centers in the brain have been identified in diverse species ranging from nematodes to mammals, our understanding of how sleep gates external sensory stimuli and how sleep need is detected are poorly understood [1] . As reported in a recent issue of Neuron, Donlea et al. have identified a neural circuit that connects brain regions that initiate sleep with those that control the homeostatic response to sleep loss [2] .
The molecular and neural circuit principles underlying sleep are highly conserved across phyla. The fruit fly, Drosophila melanogaster, provides a powerful model to investigate the mechanisms underlying sleep. With a relatively simple brain consisting of 100,000 neurons and genetic tools that allow for fine-scale manipulation of gene function and neural circuits, a multitude of sleep-and wake-promoting neurons have been identified [3] . In addition, highthroughput behavioral assays, as well as amenability to electrophysiological analysis and functional imaging, uniquely position Drosophila as a model for investigating the neural and genetic basis of sleep regulation.
A central behavioral characteristic of sleep is a compensatory rebound following deprivation. This requires the integration of brain regions that control sleep and regions that detect sleep pressure. Previous studies in the fly have identified the dorsal fan-shaped body (dFB) as a sleep-control center. Activation of the dFB robustly induces sleep, while inputs from dopaminergic neurons inhibit dFB activity and promote wakefulness [4] [5] [6] . Additionally, a number of ion channels and signaling molecules regulate sleep by modulating the activity of dFB neurons [7] . A separate region, the ellipsoid body, is critical for generating sleep pressure, and silencing this region blocks rebound following sleep deprivation [8] . However, the connectivity and functional interactions between sleep-promoting dFB neurons and the ellipsoid body remains unclear.
To identify signaling mechanisms and downstream targets of dFB neurons, Donlea et al. examined the function of neuromodulators produced within identified sleep circuits. They investigated a subset of dFB neurons that produce the neuropeptide Allatostatin A (AstA). Genetic disruption of AstA or its receptor AstA-R1 reduces sleep duration, revealing a sleep-promoting role for AstA signaling [2] . The identification of AstA, a critical modulator of sleep, allowed for mapping of downstream neurons based on the phenotype and localization of their target receptor.
Expression of AstA-R1 localizes to a described population of neurons called 'helicon cells', termed such for their shape. While measuring the activity of single neurons in freely moving animals has been a limitation in the sleep field, the authors leverage whole cell patch clamp in a fly mounted on a tracking ball to investigate the function of helicon cells. Donlea et al. found that these cells are responsive to both visual cues and directly regulate locomotion, suggesting they integrate sensory inputs with motor responses to regulate sleep.
How do helicon cells integrate existing sleep circuits? These neurons are inhibited by AstA secretion from the dFB, and project axons in close proximity to the R2 neurons of the ellipsoid body that detect sleep debt. Indeed, optogenetic stimulation of helicon cells alone was sufficient to induce locomotor activity, resulting in subsequent rebound sleep. These findings reveal a central role for helicon cells in the integration of sleep induction and homeostasis, and provide a model for investigating how neuromodulators contribute to sleep regulation.
In addition to sleep debt, sleep is modulated by sensory stimuli. In sleeping animals, a higher threshold of sensory stimulus is required to elicit a response. Conversely, sensory stimuli, including light and smell, inhibit sleep. Whole-cell patch clamp recording of helicon cells in a tethered fly reveal that they are responsive to visual cues, suggesting these neurons may be critical for sensory gating. The identification of this circuit and its modulation by sensory stimuli sets the groundwork for future studies investigating how central brain sleep circuits influence the processing of sensory inputs. Donlea et al. propose that the sleep homeostat functions similarly to a relaxation oscillator: a circuit that repeatedly alternates between two states with a duration that depends on the charging of a capacitor via a resistor. Following the same principles, helicon cells are responsive during wakefulness to visual inputs and have axonal projections to the R2 neurons of the ellipsoid body, which sense sleep pressure and modulate homeostatic sleep rebound following deprivation [2, 8] . The circuit is 'charged up'; sleep pressure is built through the increased ellipsoid body neural firing, which promotes locomotor activity and signals sleep pressure to the dFB neurons. During sleep, activation of dFB neurons inhibits helicon cells by the release of AstA neuropeptide, decreasing responsiveness to visual stimuli and locomotor activity, thus discharging the circuit, and inactivating the dFB (Figure 1 ). The authors propose that this circuit functions similarly to a water clock, allowing for filling or emptying of a reservoir as sleep debt accumulates or is relieved. While Donlea et al. measure sleep by quantifying periods of immobility, as has been standard for studies in fruit flies, a number of approaches also allow for measuring the physiological changes associated with sleep and wakefulness. For example, measurement of local field potentials reveals characteristic oscillations associated with sleep, and indirect calorimetry reveals that flies, like mammals, reduce metabolic rate while sleeping [9, 10] . In addition, quantification of arousal threshold, a behavioral metric of sleep, supports the notion that flies possess forms of light and deep sleep [11] . Assessing the role of helicon cells in sleep-dependent changes in physiology and sleep depth will provide insight into whether independent circuits encode distinct stages of sleep.
Constructing models of sleep circuitry in fruit flies and other model systems will allow for addressing whether mechanisms of sleep regulation are conserved throughout the animal kingdom. In mammals, the ventrolateral preoptic nucleus (VLPO) of the hypothalamus is activated during sleep, and forms reciprocal connections with wake-promoting centers [12] . Like the VLPO, dFB neurons are active during sleep, and modulated by sleep need, raising the possibility that these structures are functionally analogous [7, 13] . Supporting this notion, the mammalian ortholog of AstA, Galanin, is expressed in the VLPO and modulates sleep [14] . The findings that dFB and VLPO neurons signal through orthologous neuromodulators provides strong support for conservation of sleep-regulating neural mechanisms from flies to mammals.
Neurons regulating sleep and wakefulness are widespread throughout the brain. The identification of connections between the two sleep centers allows for constructing models of sleep regulation, but the picture is far from complete. For example, the connectivity between R2 neurons of the ellipsoid body and the dFB neurons have yet to be identified. In addition, numerous wake-promoting neurons, including dopaminergic and octopaminergic populations, have been identified in the fly [1] . Further, sleep timing and duration are regulated by circadian pacemaker neuron [15] . A comprehensive model of sleep regulation will require the identification of EB-dFB connectivity and the understanding of how alternative sleep circuits are integrated within the R2-dFBhelicon circuit.
While the R2-dFB-helicon circuit is likely to modulate the rebound sleep following deprivation, much less is known about other factors that regulate sleep. For example, sleep loss following sexual arousal does not result in a rebound, suggesting arousal overrides sleep loss [16] . In addition, sleep is modulated by many factors including diet, aging, and social experience [17] [18] [19] . Understanding how these factors modulate the function of the R2-dFB-helicon circuit will improve our understanding of context-dependent regulation of sleep.
